The continuous generation of rice husk biomass makes this waste biomass a consistent and renewable resource for carbon zero power generation. Biochar from the power generation industry could be further utilized and converted into activated carbon through a simple activation process, foregoing the conventional carbonization process. Complete combustion of rice husk into rice husk ash could be subsequently processed into sodium silicate with little difficultly since more than 90 % of the rice husk ash constituent is silica. Sodium silicate is used mainly as a precursor for both the synthesis of mesoporous silica and zeolite. This paper reviews on the various nanoporous adsorbents derived from a single rice husk biomass.
very low commercial value and causes environmental issues pertaining to its disposal. RH is commonly discarded in the fields and used as fuel to generate steam for driving mechanical milling machinery in rice mills [3] . These activities could lead to the suspension of crystalline silica particles such as quartz and cristobalite in the air which causes silicosis disease [4] . In addition, the open burning of the RH leads to air pollution and endanger the motorists due to the deteriorating visibility. Therefore, conversion and utilization of the RH into useful materials are essential to solve the existing environmental and waste management problem, which in turn contributes to wealth generation for the rice producing nations.
RH comprises about 72 % of organic content (for example, cellulose, hemicelluloses and lignin), with the remaining composition made up of moisture content and ash [5, 6] . The content of each of these individual components depend on the rice variety, climatic conditions and geographical location of growth [7] . For instance, according to astudy by Govindarao (1980) , RH samples obtained from two southern part of India (Trivandrum and Hyderabad) show relatively high Mg, Al and Fe content than the samples obtained from other countries. The presence of these elements is due to the use of chemical fertilizers in the paddy field [8] . These elements would affect the purity of rice husk ash (RHA) which used as a source for silica. The average percentage compositions of RH from different countries (dry basis) are cellulose 33.71 %, hemicellulose 23.14 %, lignin 19.30 %, ash 15.65 %, extractives 6.30 & and moisture 7.60 % (Table 1) . RH, as a feedstock, could potentially be converted into adsorbents such as activated carbon (AC), zeolites as well as mesoporous silica via several processing methods [5] . The utilization and conversion of this biomass into low cost adsorbents is feasible since they are renewable sources, inexpensive and abundantly available [5, 9] . The conversion of RH into low cost adsorbents with excellent pore characteristics could overcome the byproducts and waste disposal problems while concurrently formulating value added products derived from RH. 
Constituents
Composition (%) Malaysia [10] Thailand [11] India [12] India [13] Taiwan [14] The ash of RH contains about 87 to 97 wt % of silica in a hydrated amorphous form and other impurities [15] and thus could be utilized as precursor for the synthesis involving silicate sources. Study by Riveros and Garza (1986) reported that silica with purity up to 99.98 % could be obtained from RHA [16] . Moreover, RHA can also be used as alternative precursor for the preparation of active silica with high specific surface area [17] . According to studies conducted by Chen and co-workers, AC was successfully prepared from RH by using KOH, NaOH, Na 2 CO 3 as well as K 2 CO 3 as activating agents, through heat treatment at different temperatures [18] . RH-based AC with excellent pore characteristics (BET surface area up to 3014 m 2 g −1 and total pore volume 1.78 cm 3 g −1 ) was prepared by Guo and co-workers via KOH activation process [19] . The RH-based AC exhibited good Cr removal capacity (33.7 mgg −1 ). Moreover, the AC derived from RH is also used as electrode materials for batteries and capacitors [20] .
Preparation of activated carbon derived from rice husk
RH-derived AC is a porous carbonaceous solid material which exhibited large surface area and high porosity [21] . The highly porous structure of RH-derived AC enables it to adsorb substances from gas and liquid phases [22] . The pore characteristics and adsorption capability of the AC are influenced by the type of raw materials used and activation routes selected. AC is normally produced via carbonization and activation of the RH precursor. These processes are essential to develop a porous structure and increase the pore volume of RH-derived AC. Carbonization process is typically carried out at temperatures ranging from 500 to 900°C, to eliminate the noncarbon elements found in RH such as nitrogen, oxygen, hydrogen and nitrogen as volatile gaseous products [23] . The remnant carbon atoms would assemble into aromatic sheets (cross-linked in a random manner) and form free interstices which lead to the formation of pores. The pores created in carbonized RH would be further developed via activation process. Activation widens the existing pores by burning off the walls between adjacent pores and removing the disorganized carbon that block the pores in carbonized RH. Activation process could be applied through one of the three methods during the preparation of RHderived AC, namely physical, chemical and physiochemical (combination of physical and chemical) activation [24] .
Physical activation
Physical activation comprises the carbonization of RH to eliminate organic matters and followed by activation (twosteps process). The typical synthesis route for the preparation of RH-derived AC via physical and chemical activation is shown in Figure 1 . The precursor RH is normally washed with de-ionized (DI) water to remove dust and attached particles, followed by drying process. The carbonization process is carried out at temperatures of 500 to 900°C under the nitrogen or argon gas atmosphere and followed by subsequent activation. During the activation, the carbonized RH is gasified by CO 2 , steam or their mixture at high temperature ranging from 800 to 1000°C [25] .
These activating agents eliminate carbon atoms from the carbonized RH as CO to ease the pores development [18] . The activation route using two different activating agents CO 2 and steam would result in AC with significantly porous structure and physical properties [26] . CO 2 activating agent creates pore openings, followed by the widening of narrow microporosity which eventually result in AC with larger micropore volume but narrower micropore size distribution [27] . Steam activating agent widens the micropores in biochar from the early stages of the ac-tivation process and thus produces AC with a wider pore size distribution (micropores and mesopores) [28] . CO 2 is a preferable activating agent for activation process due to its inherent cleanliness and ease of handling. Moreover, CO 2 gas also facilitates in controlling the activation process due to the slow reaction rate at temperatures around 800°C [29] . 
Chemical activation
Chemical activation of RH-derived AC involves both carbonization and activation being performed in a single step using chemical agents such as KOH, NaOH, H 3 PO 4 and ZnCl 2 [18] . A cleaned RH is impregnated with activating agent in the form of concentrated solution to remove the cellulosic materials. The chemical impregnated RH precursor is then pyrolyzed at temperatures ranging from 400 to 900°C in the absence of air [30] . The use of chemical activating agent inhibits the formation of tar and other byproducts (methanol and acetic acid), resulting in a better yield of RH-derived AC (above 30 wt %) [30] . The physical and chemical properties of the RH-derived AC are summarized in Table 2 . This table presents two-steps (physical or physiochemical) activation and single-step activation conditions for the preparation of AC derived from RH.
The impregnation ratio between chemical activating agent and precursor is one of the major factor that greatly influences the yield and pore characteristics of RH-derived AC. Based on studies done by various researchers, the impregnation ratio (weight of chemical activating agent to weight of precursor) from 0.25 to 4 is normally applied on raw materials [31] [32] [33] . The yield of AC decreases when the impregnation increases. Large amounts of organic matter would be burnt off when more chemical activating agents are used to treat the precursors [31] . Studies by Angin (2013) and Kubota (2009) show that the increase in impregnation ratio resulted in better porosity development and widening of porous structure of the AC [31, 33] . Besides impregnation ratio, activation temperature is another factor which influences pore development, physical properties and yield of the AC. Activation at high temperatures could enhance the pores development of the RH-derived AC. Study by Guo and co-workers shows that the increase in activation temperature enhanced the pore characteristics of ACs derived from RH [19] . The increase in activation temperature from 650 to 800°C increased the BET surface area (from 2110 to 3014 m 2 g −1 ) and micropore volume (from 0.14 to 0.44 cm 3 g −1 ) of the RH-derived ACs.
For the preparation of RH-derived AC with good porosity, chemical activation offer several advantages over the physical activation. These advantages are single step activation process, higher yield obtained and better pores development in AC. A single step activation process could cut down on AC manufacturing time and energy required. Furthermore, the use of chemical activating agent could lower the activation temperature, shorten the activation time and enhance the porosity development in final RH-derived AC obtained [34] . However, there are certain drawbacks of using chemical activation for the RH-derived AC production. Additional cleaning step is required subsequent to the activation process to remove the residual chemicals. KOH and NaOH are hazardous, corrosive and expensive [35] , while ZnCl 2 is unfriendly to the environment and creates waste disposal problem [36] . The use of chemical activating agents in treatment also increases the processing cost. Handling of the chemical activation agents might cause threat to health. Therefore, extra precautions are required to minimize the safety and health risk.
Biomedical adsorption applications of rice husk derived activated carbon
RH-based ACs play an important role in biomedical applications such as adsorption and purification of water, removal of dyes and hazardous gases. The RH-based ACs 33.4 [50] with high surface areas and wide range of pore size are required to remove all type of adsorbates efficiently [12] . Adsorption is a process in which atoms or molecules in solid, liquid or gas phases attract onto the surface of RH-derived AC due to physical or chemical forces [51] . Table 3 shows the properties of RH-derived AC required for biomedical applications. RH-derived AC is a potential medicine for the treatment of poisoning and drug overdoses. The RH-derived AC can be used to reduce bloating, lower cholesterol, treat bile flow problems safely during pregnancy and prevent hangovers [52, 53] . The RH contains fewer impurities compared to the conventional precursors such as coal, phenolic resin, acrylic fiber and polyacrylonitrile (PAN) [5] . All the impurities and organic matters in RH-derived AC is removed after going through the carbonization and activation processes, thus it is safe to be used as medicine. RH-derived AC prepared via physical activation method is preferable adsorbent for medicine due to the cleanliness and free of chemical. RH-derived AC with high surface area (more than 500 m 2 g −1 ) and adsorption capacity are essential for the rapid and complete removal of toxins and chemicals in the body [51, 54] . RH-derived AC have been widely used for the water purification and waste water treatment due to its excellent porosity and relatively high surface area [41, 50] . AC with BET surface area ranged from 400 to 1015 m 2 g −1 can be prepared from RH via chemical activation process [41, 55, 56] . These porous RH-derived ACs are used in the removal contaminants such as rare earth elements (lanthanum and erbium) and heavy metals (Fe, Mn, Zn, Cu, Cd and Pb) from waste water (efficiency of adsorption is above 90 %). RH-derived AC prepared in the granular form is more preferable than the powdered RH-derived AC (RH ground into powder form prior to activation process) in water purification application. This is because the large particle size of granular RH-derived AC prevents the excessive pressure drop in the bed and avoids the carbon particles being carried away carry [57] . RH-based AC treated with ortho-phosphoric acid is used for enzyme (acid protease) immobilization in various biological and chemical systems due to its extensive applications in the fields of food and medicine [58, 59] . At optimized condition (pH 6), the acid protease adsorption capacity exhibits by RH-based AC exhibits is 150 mg g −1 .
AC is a common adsorbent used in hemoperfusion since it was first introduced in 1963 to remove uremic toxins from patient's blood [60] . The initial trial of AC as adsorbent in hemoperfusion system showed poor hemocompatibility and released carbon particles into the blood stream lead to particle embolization, which is a serious clinical side effect. Eventually a semi-permeable biocompatible polymeric coating was introduced to the AC and applied in hemoperfusion treatment. The membrane coating of AC prevents the release of carbon particles into blood stream and improved the hemocompatibility [61] . Thus, RH-derived AC with excellent pore characteristics could be applied in the hemoperfusion application by the introduction of semi-permeable biocompatible polymeric coating [62] .
Silica derived from rice husk and rice husk ash
The approach of RH conversion into AC could further value-add this otherwise waste biomass. However, RH is conventionally fed (as-milled or packed into fuel blocks) to boilers for power generation through combustion process. Thus, aside from the organic RH biomass, rice husk ash (RHA) is continuously generated as a by-product from power generators serving the local on-site rice production industry. RHA could be used a source of silica since RHA is inherently silica-rich with composition >90.00 % [63] . According to Table 4 , the composition of ash from the combustion of RH comprises of mainly silica. The most common use of siliceous RHA is in the construction materials industry, as an alternative raw material to conventional mined silica [64] [65] [66] .
The silica composition found in RHA is mainly in the form of active silica [69, 70] . The active silica found in RHA possesses inherently high specific surface area and porosity to a certain extent [17] . Figure 2 shows the SEM micrograph of RHA after combustion at 750°C for 6 h. A porous structure which would give high specific surface area could clearly be seen in the micrograph. According to the study reported by Liou (2004) , nitrogen adsorption carried out on RHA reveals a narrow and bi-modal pore size distribution based on the Barrett-Joyner-Halenda (BJH) method (desorption) [71] , with mode pore size of approximately 2.5 and 4.0 nm. The narrow pore size distribution of RHA, which falls in the mesoporous range, could be utilized to for various applications, particularly for applications involving adsorption. Several studies have been conducted with RHA as an adsorbent material for the liquid phase adsorption of lead, mercury [72, 73] , phenol [74] , cadmium, nickel [75] and lead [72, 76] .
The application of siliceous RHA in cement and concrete as a pozzolanic material has been widely studied due to the high silica content and characteristic porosity [17, 77, 78] . According to ASTM C219-94, pozzolans are [79] . The displacement of Portland cement in cement and concrete compositions with RHA could effectively benefit the environment as Portland cement is conventionally mined as opposed to the agricultural waste RHA [80] . Additionally, the improvement in the cement and concrete physical properties with the addition of RHA as a pozzolan further solidifies the presence of RHA as essential additives in this industry [17, 77, 78] .
Synthesis of mesoporous silica, silica xerogel and zeolite from rice husk ash
RHA or specifically the form of active silica could be further converted into bioactive porous materials mesoporous silica, silica xerogel and zeolite. Initially RHA is converted into precursor sodium silicate solution through a hydrothermal process. Further conversion of sodium silicate into mesoporous silica, silica xerogel and zeolite is as generalized in Figure 3 . Although raw RHA can be characterized as a material with high contents of mesoporous silica, the natu- ral as-calcined RHA possesses lower porosity compared to synthesized mesoporous silica variants, for example SBA-15 [81] , MCM-41 [82] and MCM-48 [83] . Following the combustion of RH, the RHA produced has to be washed repeatedly with distilled water to remove particles such as soil and dust from the ash, followed by a drying process. Subsequently, the cleaned RHA is converted into sodium silicate through heating and stirring of the RHA with sodium hydroxide and distilled water. The resulting mixture is centrifuged to recover the solution, sodium silicate.
The major difference between the typical mesoporous silica synthesis and RHA-derived mesoporous silica is the conversion of RHA into sodium silicate precursor [81, 82] . The prepared sodium silicate is then used as silica source or precursor along with structure directing templates P123, CTAB and LE-4 for the synthesis of SBA-15, MCM-41 and MCM-48 respectively using a hydrothermal method. Table 5 below summarizes reagents and parameters used for the preparation of sodium silicate precursor and resulting mesoporous silica.
Aside from mesoporous silica, bioactive silica xerogel could also be derived from RHA through gel casting technique [87] . Silica is dissolved in NaOH to extract sodium silicate solution [88] . The pH of the extracted sodium silicate solution is then adjusted to pH 6 with the addition of HCl solution. The obtained gel is dried at 100°C for 12 hours, resulting in silica xerogel.
Aside from the silica based porous materials, the introduction of sodium aluminate to the RHA extracted sodium silica results in the yield of zeolite. The composition of natural occurring zeolite is mainly aluminosilicate. Silicarich rice husk ash could be converted into sodium silicate and used as a precursor for the silicate constituent of zeolite. The conversion of rice husk ash into is closely similar to methods previously summarized in the prior section of mesoporous silica. Sodium hydroxide is mixed and stirred with cleaned RHA. The resulting mixture is centrifuged and the solution obtained is sodium silicate.
Zeolites NaA and NaY are synthesized through a seeding technique [63] . Both zeolites are similar in terms of structure, with an exception of difference in the number of member rings. NaA and NaY are synthesized through preparation of colloidal commercial sodium aluminate and RHA-derived sodium silicate at different molar ratios [63] . The seed gel was The calculated weight ratios (Al 2 O3:10SiO 2 ) to the colloidal seed are subjected to hydrothermal treatment at 100°C for 5 h [63] . XRD confirms the formation of zeolite NaA (Fig. 4) and zeolite NaY (Fig. 5) . A variation in the aging duration, 24 h and 48 h resulted in zeolites with smaller particle size and hence higher surface area, as seen in Fig. 5 [89] .
The preparation of feedstock gel was calculated based on a weight ratio to colloidal seed instead of molar ratio for a convenience of synthesis procedure. Next, the Teflon bottle was heated in an oven at 100°C for 5 hours 
Biomedical applications of mesoporous silica, silica xerogel and zeolite from rice husk ash
The RHA precursor itself is porous in nature. RHA possesses a broad range pore size distribution and an approximate BET surface area of 36 m 2 /g [90] . The unconverted RHA as a low cost adsorbent material typically for bulk adsorption application such as water purification. RHA has been reported to be able to effectively remove fluorides [91] and even heavy metals [92] from contaminated water sources. Aside from liquid phase adsorption, bulk RHA could be used for the adsorption of CO 2 [85] .
The synthesis of various mesoporous silica (MCM-41, SBA-15) from sodium silicate extracted from RHA yields higher surface area compared to the original RHA or active silica. Jullaphan and co-workers reported that surface area of mesoporous silica synthesized using a mixture of CTAB and pluronics P123 could achieve a surface area of up to 955 m 2 /g [81] . This mesoporous structure could be exploited for drug delivery applications. Drugs loaded in the mesopores would gradually be released over a longer period of time compared to the burst release by non-porous carrier particles. RHA derived mesoporous silica has been used for the delivery of drugs such as ibuprofen and penicillin-G [93] . As with RH derived AC, the potential of RHA derived drug carriers for the current is huge due to the fact that the silica originates from an organic source.
The application of zeolites in the biomedical field is predominantly as a hemostatic agent. The efficient water adsorption by zeolite effectively reduces the moisture content of an open wound thus triggering blot clot [94, 95] . However, the study on RHA derived zeolites for this particular biomedical application remains limited at the moment. Similar to the drug delivery using an organic silica source, the use of organic zeolites should be welcomed by the general public.
As for silica xerogel, the sintering of gel-casted RHA derived silica xerogel powder at different temperatures results in phase conversion. The sintering temperature of silica xerogel should be maintained below 1200°C to prevent the transformation of amorphous silica phase into crystobalite [87] . The incubation of sintered silica xerogel scaffold in SBF solution showed the formation of hydroxylcarbonate apatite, a phase similar to that of the human bone. Table 6 below summarizes the properties of RHAderived mesoporous biomaterials required for biomedical applications.
Conclusion
The conversion of rice husk biomass into value-added nanoporous adsorbent materials is equivalent to the conversion of waste to wealth. The conventional rice husk biomass disposal is through combustion for power generation. Subsequent reuse and reutilization of the RH biochar and RHA as a low cost precursor for the manufacturing of activated carbon, mesoporous silica and zeolite would effectively reduce the overall global carbon footprint using such zero carbon raw materials. The high silica purity of RHA makes it an ideal alternative silica source which requires minimal purification and extraction.
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